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(54) Voltage-constrained sinusoidal seek servo in hard disk drives 



(57) A method, apparatus and computer program 
for performing a servo seek according to a voltage-con- 
strained sinusoidal acceleration trajectory. In one em- 
bodiment, the apparatus comprises a hard disk drive 
which has a disk with a surface, spin motor, transducer, 
and an actuator arm to move a transducer across the 
surface of the disk. The apparatus further includes a 
controller that controls the actuator arm and to perform 
a seek having a length. The actuator arm moves the 
transducer across the surface of the disk with an essen- 
tially sinusoidal acceleration trajectory using a substan- 
tially constant voltage. In another embodiment, the sub- 
stantially constant voltage is based on the maximum 
voltage from a power supply. 
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Description 



[0001] The present invention relates generally to hard disk drive seeking and, more particularly, to a method appa- 
ratus and computer program for improving the seek performance of a sinusoidal seek servo. 

[0002] Hard disk drives include a plurality of magnetic transducers that can write and read information by magnetizing 
and sensing the magnetic field of rotating disks. The information is typically formatted into a plurality of sectors that 
are located within annular tracks, which are located across the surface of the disk. A number of vertically similartracks 
are often referred to as a cylinder. Each track may therefore be identified by a cylinder number. 
[0003] Each transducer is typically integrated into a slider that is incorporated into a head gimbal assembly (herein- 
after HGA"). Each HGA is attached to an actuator arm. The actuator arm has a voice coil located adjacent to a magnet 
assembly which together define a voice coil motor. The hard disk drive typically includes a driver circuit and a controller 
that provide current to excite the voice coil motor. The excited voice coil motor rotates the actuator arm and moves the 
transducers across the surfaces of the disk(s). 

[0004] When writing or reading information, the hard disk drive may perform a seek routine to move transducers 
from one cylinder (or track) to another cylinder. During the seek routine the voice coil motor is excited with a current 
to move the transducers to the new cylinder location on the disk surfaces. The controller also performs a servo routine 
to insure that the transducer moves to the correct cylinder location. 

[0005] Many disk drives utilize a "bang-bang" control loop for the servo routine to insure that the transducer is moved 
to the correct location. The shape of the current waveform for seek routines that utilize bang-bang control theory is 
typically square. Unfortunately, square waveforms contain high frequency harmonics which stimulate mechanical res- 
onance in the HGA causing acoustic noise. This acoustic noise tends to increase settling time. Thus, while the bang- 
bang control method may provide the best theoretical seek performance, the accompanying settling characteristics 
result in a less than optimal overall seek time. 

[0006] The recent use of sinusoidal waveform algorithms for seek trajectories was aimed at improving the settling 
time by decreasing the acoustic noise exhibited by the bang-bang control method. In particular, seek trajectories based 
on sinusoidal algorithms exhibit superior acoustic noise properties, thereby reducing the settling time. However sinu- 
so.dal waveforms for seek trajectories do exhibit some degradation in seek performance for shorter seek lengths as 
compared to the bang-bang control method. While, the overall degradation of seek performance for sinusoidal seek 
algorithms is somewhat compensated by the decreased acoustic noise of a sinusoidal seek trajectory there is still a 
performance gap between sinusoidal seek trajectories and bang-bang seek trajectories for shorter seek lengths 
[0007] Thus, there is a need for a method, apparatus and computer program which further reduces the performance 
gap between the sinusoidal seek algorithm and the bang-bang seen algorithm, while not sacrificing the improved settling 
characteristics of the sinusoidal seek algorithm. 

[0008] The present invention comprises a method, apparatus and computer program for performing a servo seek 
according to a voltage-constrained sinusoidal acceleration trajectory. In one embodiment, the method comprises ex- 
citing a voice coil motor that is coupled to the transducer so that the transducer performs a seek having a seek length 
and a seek time, sa.d transducerto move across the disk surface with an essentially sinusoidal acceleration trajectory 
In addition, the seek is to be performed using a substantially constant voltage applied to the voice coil motor over one 
or more seek lengths. In another embodiment, the substantially constant voltage applied to the voice coil motor is in 
40 range of between 10 and 12 volts. 

[0009] Other embodiments are described and claimed herein. 

Figure 1 is a top view of an embodiment of a hard disk drive of the present invention; 

4S Figure 2 is a schematic of an electrical system which controls the hard disk drive; 

Figure 3 is a schematic of a servo control system of the disk drive; 
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Figure 4a-c are graphs which show an acceleration trajectory, a velocity trajectory, and a position trajectory of a 
transducer of the disk drive of the present invention. 

Figure 5 is a graph comparing a plot of seek time versus seek length for a current-constrained seek and a voltaqe- 
constrained seek. 

Figure 6 is a graph comparing a plot of the required current to achieve the seek time of Figure 5 versus seek length 
for a current-constrained seek and a voltage-constrained seek. 

Figure 7 is a graph comparing a plot of the required voltage to achieve the seek time of Figure 5 vereus seek length 
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for a current-constrained seek and a voltage-constrained seek. 

[001 0] One embodiment of the present invention is a hard disk drive which moves a transducer across a disk surface 
in an essentially sinusoidal acceleration trajectory which is constrained by a substantially constant voltage. In particular, 
5 the seek time for a given seek length in a hard disk drive is based on the voltage constraint of the power supply to the 
voice coil motor rather than a constrained current. Once this seek time is determined, the sinusoidal trajectory may 
then be calculated. 

[0011] A transducer is integrated into a slider that is incorporated into a head gimbal assembly (HGA). The HGA 
may be mounted to an actuator arm which can move the transducer across the disk surface. The movement of the 
10 actuator arm and the transducer is controlled by a controller. The controller moves the transducer from a present track 
to a new track in accordance with a seek routine and a servo control routine. 

[0012] During the seek routine, the controller moves the transducer in accordance with an essentially sinusoidal 
acceleration seek trajectory. The acceleration trajectory includes at least an acceleration mode and a deceleration 
mode, and may further include a coast mode in which the acceleration is essentially zero. In one embodiment, the 

*5 duration of acceleration mode and deceleration mode are equal. This sinusoidal trajectory serves to reduce the high 
harmonics found in square waveforms of the prior art, and minimize the mechanical resonance and thus the acoustic 
noise of the HGA. Reducing the acoustic noise of the HGA may reduce the settling time of the transducer for reducing 
the duration of the seek routine. Reducing the acoustic noise may also provide accurate positioning of the transducer 
relative lo a desired Irack of the disk. In another embodiment, the duration of acceleration mode and deceleration mode 

20 are unequal which may provide flexibility in further decreasing residual vibrations of mechanical components, and 
reducing the seek time. 

[0013] Typically, for a given current, longer seek lengths require larger voltages due to the effects of back-EMF. In 
particular, as seek lengths increase, so does^the velocity of the transducer. As velocity increases, so too does the 
voltage-diminishing effects of back-EMF. Thus, the effective voltage decreases as back-EMF increases. This relation- 
's ship can be depicted as follows: 

V applied = V supplied ' C * v 

30 where, 

V appiiod = tne effective voltage applied to the actuator arm; 

Vsupplied = the voltage being supplied by the power supply; 

C = proportionality constant; 

v = velocity of the transducer; and 

40 c*v = voltage which opposes the flow of current, thus acting as a negative voltage 

[001 4] One way to counter the effects of back-EMF in a current-constrained system is to base the maximum current 
(l M ) on the voltage required for the maximum seek length at the point where the back-EMF is maximized. This value 
of current (l M ) is then used for each seek routine, regardless of its length. However, as explained in more detail below, 
45 under this approach l M is likely to be too conservative for most seek lengths which are less than the maximum seek 
length; thus, resulting in a poorer seek performance than could otherwise be obtained. 

[0015] Thus, one aspect of the present invention is to vary the current while keeping the voltage substantially con- 
stant, thereby improving the seek performance for most seek lengths under the same power supply. In one embodiment, 
the voltage is set at the maximum value for the available power supply, while the current varies with the seek length. 
so [0016] Referring to the drawings more particularty by reference numbers, Figure 1 shows an embodiment of a hard 
disk drive 10. The drive 10 includes at least one magnetic disk 12 that is rotated by a spindle motor 14. The drive 10 
may also include a transducer 16 located adjacent to a disk surface 18. 

[0017] The transducer 16 can write and read information on the rotating disk 12 by magnetizing and sensing the 
magnetic field of the disk 12, respectively. There is typically a transducer 16 associated with each disk surface 18. 
55 Although a single transducer 16 is shown and described, it is to be understood that there may be a write transducer 
for magnetizing the disk 12 and a separate read transducer for sensing the magnetic field of the disk 12. The read 
transducer may be constructed from a magneto-resistive (MR) material. 

[001 8] The transducer 1 6 can be integrated into a slider 20. The slider 20 may be constructed to create an air bearing 
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^G^ZTgaX TT ^ 1 8 - SHd6r 20 bS "corporated into a head gimba. assembly 

L^ti^il y ttaChed t0 an a ° tUator arm 24 which has a voice 0011 26. The voice coil 26 may be 

located adjacent to a magnet assembly 28 to define a voice coil motor (VCM) 30. Providing a current to the votee col 
26 w generate a torque that rotates the actuator arm 24 about a bearing assembly 32. Rotation of the SuSoTam 
s 24 will move the transducer 16 across the disk surface 18. actuator arm 

[001 9] Information is typically stored within annulartracks 34 of the disk 1 2. Each track 34 typically contains a plurality 

ZZS^nVlT'^ 3 ^ fiSld 3nd 9n Nation field. The identification field t£?ZZ£% 
code information which rdenttfies the sector and track (cylinder). The transducer 1 6 is moved across the disk surface 

» z^zzzzssr on a different track - Moving the transducer to a - ess a " ■«* is — 

[0020] Figure 2 shows an electrical system 40 which can control the hard disk drive 1 0. The system 40 may include 

IsT cou T T e t , ransducer 1 6 by a read/write (R/W > channel M 44 and * POSSESS 

troiiITL ° h ^ bS 3 dl9,ta ' Si9nal pr0C6SS0r < DSP >' microprocessor, microcontroller, and the like The con 

is TIV tT P f ?• COntr °' S ' 9nalS t0 the read/WritS Channel 44 t0 read from the ** 12 or write information to °he 
46 mav IrtuTZT ' S tyPiCa " y tranSf6rred fr ° m thS R/W ° hannel 44 10 3 h0St interfac * «*«« 46. The hos 
te™n*?o^«eT * M """" " hlCh ^ th6 diSk drive t0 interface with a s ^ tem such a * • 

coH 2 2 1 i tITZZT^ ^ ^ C ° UP ' ed * ' VCM drivercircuit 4 * which provides a driving current to the voice 
- the movIm e entoHne £ZZT ^ ^ * M 48 <° ™™ »» «* *° ™ and 

[0022] The controller 42 may be connected to a non-volatile memory such as a read only memory (ROM) or flash 
memory dev.ce 50, and a random access memory (RAM) device 52. The memory devices S^nd 52 may co 1 £ 

beT fi lT m an , f thSt ^ ^ COntr0 " er 42 10 perform SoW -utines One of the software lies may 
be a seek routine to move the transducer 1 6 from one track to another track. The seek routine may include a seZ 

tZ'ZT* t0 77 T tranSdU ° er 1 6 m ° VeS t0 thS COrreCt track - ln one embodiment, thTImo^ devS 50 

aCC t leratl0n ' V i e ' 0Clty ' and P° sition «»««ion 6 of the present invention, as discussed 

where such equations may be loaded into memory device 52 at startup 

fnh 2 a 3 i Fi9Ure i Sh0V I! 3 SefV0 COntr °' SySt6m 60 that is ""Ptemented by the controller 42, which may be implemented 
in hardware and/or software. The servo control system 60 insures that the transducer 1 6 is accurately located o^ ^a 
desired track of the disk 12. When the controller 42 performs a seek routine the transducer mXed °from a fL» 

the new and f rst tracks are read as the transducer 16 moves across the disk 16. This allows the controller 42 to 
ST Wh6ther tranSdUCer 1 6 " m ° Ving 3t 3 d6Sired Sp6ed ° r Oration, or bothZSthelisJ 

35 T^Stim^r^ 1 ' 0 ' T! Gm 60 inClUdSS a " eSUmat0r 62 ' Which ma V be implemented in software and/or hardware 
The estimator 62 can determine the actual distance or position X a that the transducer has moved from the firsitTack 
The pos-tion can be determined by reading the Gray code of a track beneath the transducer 1 6. TteZm^2 cL 

sall^ 

- 5S^1?^o^ t0 ^ ^ '° Cati0n *° *- tha 42 can correct the movement Z 

[0025] The controller 42 computes a design position X, a design velocity V, and a design acceleration A of the 

ZE"Z h t,me tranSdUC6r ^ thS Gray C ° de ° f a ««* ^ The controller 4 2 com^ Z The dJerence 
com T" POS ' ti0n Xl and the aCtUa ' P ° Siti0n at Summin 9 ^ion 64 - "lock 66 the controHe 42 then 

« juncmn 64 ' C ° rreCt,0n V3lUe E * With 8 Pr ° POrti0nal P ' US ime 9 ral M a, 9 0rithm and ^ output of the summing 
[0026] The actual velocity V a is subtracted from the sum of the design velocity V, and the position correction value 
E at summmg junct.on 68. In block 70 the controller 42 computes a velocity correction value E wit^a prooLiona 6 
plus mtegral control algorithm and the output of the summing junction 68 " P ro P ort| o nal 

so SO 2 ? ■ An acc f leration correction value E a is computed by subtracting the actual acceleration A a from the sum of 
value Tis ZZZZS^ZZ T ^1°°™*™ ^ at —'"9 72. The acceleraZ corJecln 

mo^is^ss: 16. ease the current provided to the voice coii 26 and to ^ ° f ^ 

l ^lJ he a, T Cel ^ ati °" correction value E a may also be provided to the estimator 62 to generate a feedforward 

55 SEE ^ZuooT ard acce,eration value A '° can be provided t0 summing j ^ ction 72 to pr= 

srecLy^e^^^^^^^ — at — --on 72, 68, and 64, re- 

[0030] Sinusoidal acceleration trajectories have been based on a seek sinusoidal wave algorithm in the following 
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form: 
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15 



V J SK J (<|) 

where, 

K A = acceleration constant; 
1^ maximum current; and 

T S k= seek time required to move the transducer from one track to another track. 

[0031] The velocity trajectory equation and the position trajectory equation have been derived by respectively inte- 
grating the acceleration trajectory equation (1) and the velocity trajectory equation (2), yielding: 



20 



W A u 2tt 



1 - cos 1 



(2) 



25 



and, 



30 




(3) 



35 



[0032] For a given seek length (X SK ), the time (t) is equal to the seek time (T SK ), yielding the following relationship: 

-r- 2 



1 SK 



X SK - X ( T SK) - K A f t 



(4) 



40 



[0033] From equation (4), we have then been able to solve for the required seek time (T SK ) for a given seek length 
(X ST ) using: 



■ SK 



A( K A l M 



(5) 



45 [0034] Equation (5) highlights the fact that, as mentioned previously, the technique of the co-pending application of 
calculating seek trajectories of sinusoidal wave forms has been constrained by the substantially constant current (l M ) 
supplied to the VCM. However, this ignores the fact that the actual physical limitation imposed on the transducer is the 
voltage power supply. Ignoring this fact leads to sub-optimal seek performance for most seek lengths below the max- 
imum seek length. 

so [0035] One aspect of the present invention seeks to overcome this deficiency by utilizing the voltage limitations of 
the power supply as a limiting factor for transducer movement. That is, with the voltage constrained technique of the 
present invention, the relationship between X SK and T SK is determined independently of the value of l M since l M varies 
with seek length. Accordingly, a voltage-constrained relationship between seek time (T SK ) and seek length (X SK ), ac- 
cording to one embodiment of the present invention, is described hereafter. 

55 [0036] VCM voltage can be represented in the following form: 



di 



dt e 



(6) 
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where, 

L = VCM inductance; 

K e = back-EMF constant; 

R = VCM resistance; and, 

v = VCM velocity. 
[0037] Next, the VCM current can be represented as follows: 



15 



20 



'(0 = f M sin 



'2* % 

V^SK J 



(7) 



[0038] Differentiating (7) gives, 



25 



^T'(0 = / w — cos| 



\ T SK J 



(8) 



[0039] Substituting (7) and (8) into (6), yields: 
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45 



V{t) = K.K A I M ^L^RI M ^\^L t U 



In 



1 SK 



cos 



r 2n_ ' 



(9) 



^^^^^^^^^^^^^ « ^ - - to V max , 
vo,ts. Since ma*im*n g tne VaIue o, "a W» cos(^^^^ 



[0041] Finally, substituting (5) into (10) yields, 



(10) 



°Tsk I k a t sk ) t-^T-TSTj - v -r° 



(11) 



50 e^jtje s^^prTyr r°.r ned reiationship between seek ,enath - -* 

embodiment, thevaiues of t' versus X 7 C °? t inde P endent of >M- According to one 

r00431 Ratherthnn rTrf! 1 SK SK V e " be St0red ,n a looku P table for fut "''e use. 

55 time between sample poim? SK ' 9 f °"° W,n9 " near lnter P° lati °" algorithm, determine the seek 



BNSDOCID: <EP 1 189224A2J_> 



6 



EP 1 189 224 A2 



SK- ^SK' 



SK SK / \s \/t 

~7+i ~n * SK~ £ 

*SK~ A SK 



SK 



(12) 



5 where 7 and XJL indicate the ith sampled seek time and seek length, respectively. 

[0044] According to one embodiment, the value of T SK given by equation (11) or (12) is substituted into the amplitude 
terms of equations (1), (2) and (3) to generate the acceleration, velocity and position trajectories, respectively. Morever, 
given T SK , equation (5) may be substituted into each of equations (1), (2) and (3). Thereafter, equations (1), (2) and 
(3) are used to generate acceleration, velocity and position trajectories, respectively. Thus, one aspect of the current 

10 invention, unlike previous sinusoidal seek trajectories, is that the current (l M ) varies, while the voltage remains sub- 
stantially constant. 

[0045] Figures 5, 6 and 7 depict various plots for comparing the existing current-constrained seek trajectories against 
the voltage-constrained trajectories. For illustrative purposes only, values and ranges for current, voltage, seek length 
(X SK ), and seek time (T SK ) are shown. It should also be noted that other values and ranges may be used for the plots 
*5 of Figures 5-7. 

[0046] Referring now to Figure 5, curve 510 corresponds to a plot of seek time (T SK ) versus seek length (X SK ) for 
the current-constrained equation (5). Curve 520 corresponds to a plot of seek time (T SK ) versus seek length (X SK ) for 
the voltage-constrained equation (11), according to one embodiment. Figure 5 illustrates the fact that for seeks below 
the reference point 530, equation (11) is superior to equation (5) in that seek times are lower for a given seek length. 

20 in the current embodiment, the reference point is approximately 2.75* 10 4 tracks. 

[0047] Under the theory of Ohm's Law, the amount of current flowing in a circuit made up of pure resistances is 
directly proportional to the electromotive forces impressed on the circuit. While this is not a pure expression of the 
relationship between current and voltage in a VCM due to the effects of inductance and back-emf, it remains true that 
the use of a higher voltage enables there to be a higher current for short seek lengths as seen in Figures 6 and 7. 

25 Moreover, the effects of back- EM F and the proportionality relationship between voltage and current results in a de- 
creasing current curve for a voltage-constrained trajectory and an increasing voltage curve for a current-constrained 
trajectory. 

[0048] With the above-described relationship between current and voltage in mind, Figures 6 and 7 illustrate how a 
current-constrained trajectory leads to using a maximum current (l M ) that is too conservative for most seeks which are 
30 less than the maximum seek length. In particular, in a current-constrained system, current is based, not on the maximum 
available current, but rather on the maximum voltage available at the maximum seek length. This implies that, for seek 
lengths below the maximum, the full power supply is not being used. 

[0049] Referring now to Figure 6, a plot of maximum current versus seek length is given, where the maximum current 
corresponds to the needed current to achieve the seek performances of Figure 5 as a function of seek length. Curve 
35 61 0 corresponds to the maximum current required to achieve the seek times of Figure 5 where the maximum current 
is kept constant over all seek lengths. In this embodiment, l M is approximately 0.70 amps. Similarly, curve 620 corre- 
sponds to the maximum current required to achieve the seek times of Figure 5 where voltage is kept constant, according 
to one embodiment. 

[0050] Referring now to Figure 7, a plot of voltage versus seek length is given, where the voltage corresponds to the 

40 maximum voltage needed to achieve the seek performances of Figure 5 as a function of seek length. Curve 710 
corresponds to the maximum voltage required to achieve the seek times of Figure 5 where the maximum current is 
kept constant. Similarly curve 720 corresponds to the maximum voltage required to achieve the seek times of Figure 
5 where the maximum voltage is kept constant over all seek lengths. In this embodiment, the maximum voltage is 
maintained at a value of approximately 12 volts. 

45 [0051 ] In the constant-current voltage curve 71 0, the supplied voltage is required to increase as seek length increases 
to counteract the effects of back-EMF. Since current (curve 61 0) remains relatively constant, so too must the effective 
voltage (not shown) in order to maintain proportionality. However, since the effective voltage is being reduced by 
back-EMF with increasing seek length, the supplied voltage (curve 710) must be increased to compensate for this 
effect, and thus to keep effective voltage proportional to current. This increase in supplied voltage may continue until 

so the maximum available voltage supply is reached at point 730. Once point 730 is known, l M may be determined such 
that the real physical constraint of the system (i.e., voltage) is not exceeded for the desired maximum seek length. 
This has the effect of producing a overly conservative estimate of current for seek lengths below the maximum. 
[0052] In the constant-voltage current curve 620 of Figure 6, current must be correspondingly decreased to maintain 
proportionality with the decreasing effective voltage. In this case, while the supplied voltage remains constant, the 

55 effective voltage (not shown) is decreasing due to back-EMF effects. Thus, under the theory of Ohm's Law, current 
must also decrease (curve 620). However, with the voltage-constrained system the true physical constraint of the 
system (i.e. voltage) is maximized for all seek lengths, while current decreases in response to the actual effects of 
back-emf. 
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[0053] During the servo routine, the system may take a number of samples which correlate to the dtfferent positions 
velocrt.es and accelerates of the transducer as it moves from one track to another. It is desirebale to discrete the 
design trajector.es to correspond with the sampling of Gray codes so that the actual values can be subtracted from 

S tr!fi 9 t ! SU ,T in9 jUnCti ° nS ° f the Se,V0 Sector shown in R 9 ure 3 - ln one embodiment, to discretize 

ntVtTr T'hT S (2) (3) are transformed ""to a sample domain (n) and equation (4) is substituted 
into the amplitude terms to generate the following equations: 



w 



(13) 



15 



20 



25 



2tt V 



v(»)= "™ |l-COS 
x{n) = -—n-——sm\ -— - w 



(14) 



(15) 



where; 

T sm = tne sampling time, computed from equation (11); 
A/ SK = the total number of samples; 
30 n = sample number. 

T JZT* C ° Sin , e Values u can be computed by utilizing look-up tables that are stored in memory. Alternatively the 
^LTt^SST ^ C ° mPUted "**' eqUati ° n 3nd ^ Value 0f the followin 9 r * CUf * ive wave 



35 



40 



* c ("+l) 
L ^(" + i) 



cos 



sin 



In 


-sin 

■ 


( 

271 


N SK. 




271 


cos 






n sk\ 





x (n) 

X (») 









~M~ 


5 


^(0) 




0 



(16) 



which utilizes the following known trigonometric identities: 



50 



SK 



(17) 
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sin 



271 



SK 



(n + 1) = sin 



' 2*^ ( In \ { 2tO . ( 2k } 
kN^J KN sk J VN SK J KNsk ) 



( ' 2n } ( In 



(18) 



10 



[0054] During the servo routine the controller computes the design position, design velocity and design acceleration 
of the transducer at a first sample time, determines the actual position, velocity and acceleration values and then 
processes the data in accordance with the control loop shown in Fig. 3 and described above. Second, third, etc. samples 
are taken and the process is repeated to provide a servo routine that controls the movement of the transducer. 
[0055] The velocity of the transducer should not exceed a maximum value so that the transducer can accurately 
read gray codes from the disk. From equation (2) the maximum velocity can be computed as follows: 



15 



yM _ K . T SK 
V VEL - *A l M ~ 



(19) 



where, 



20 



V vel ~ Max ' mum ve,oc ity below which Gray codes can still be accurately read 



[0056] Solving equation (4) for l M and substituting into equation (19) gives: 



25 



yA-f _ ' SK V VBL 
A SK ~ 



(20) 



where, 



30 



35 



*sk = the maximum seek length without a coast period; and 
T = the maximum seek time without a coast period. 

SK 

,M 



[0057] X SK in equation (11) may then be set to X and replaced accordingly with equation (20). Next, T SK is set to 



SK 



T This leaves equation (11) in the following form: 

SK 



40 



45 




^max=<> 



(21) 



[0058] After substituting all of the known constants into equation (21 ) and solving for T M , equation (20) may then 
be solved for X^. When the seek length X SK exceeds the maximum seek length X M , a coast period must be introduced 
where the acceleration of the transducer is zero, so that the transducer velocity does not exceed the maximum value. 
The coast time can be defined by the following equation. 



f CST~ 



X SK " *SK 
V VEL 



(22) 



so where, 

T CST = coast time 



55 



[O059] For a seek length greater than X^K Xhe des '9 n P ositlon » design velocity and design acceleration trajectories 
may be defined in (n) domain by the following equations. 
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(23) 



10 



v(») = 



- 1-cos — TT« I 



(24) 



15 



20 



25 



30 



fC 271 



when the transducer is accelerating; 



Ins") 



a(n) = 0 
V(n)= tf EL 
*(") = *acc + V^ EL T SM in-N^ K /2) 



when the transducer is coasting; 



(25) 



(26) 
(27) 
(28) 



35 



(29) 



40 



v(«) = ^^i r i-cosf 



Jf<»-"«r>)j 



(30) 



*(») = X ACC + X csr + ^§F(«- A^ CS7 - < /2) sin(j£. (n —N, 



SK 



CST) 



when the transducer is decelerating 
where; 



50 



55 



x cst - 7 csr l ^H. for ^csr at C0Q st phase, 

at acceleration phase, 



(31) 



(32) 
(33) 
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X DEC = X SK - X^ cc - X CST for T^ K 1 2 at deceleration phase. (34) 

[0060] Whe.n the seek length exceeds X M the controller computes the design position, design velocity and design 
5 acceleration in accordance with equations (22) through (34), and then utilizes the design values in the control loop of 
Fig. 3. 

[0061] The present invention provides a seek routine wherein the transducer is moved in an essentially sinusoidal 
acceleration trajectory and a servo control loop that corrects the input current so that the transducer moves in a desired 
path. 

10 [0062] While certain exemplary embodiments have been described and shown in the accompanying drawings, it is 
to be understood that such embodiments are merely illustrative of and not restrictive on the broad invention, and that 
this invention not be limited to the specific constructions and arrangements shown and described since various other 
modifications may occur to those skilled in the art. 

15 

Claims 

1. A hard disk drive, comprising: 

20 a disk having a surface; 

a spin motor for rotating said disk; 

a transducer for writing information onto said disk and reading information from said disk; 
a voice coil motor for moving said transducer; 

a controller for controlling said voice coil motor, said controller for performing a seek routine having a seek 
25 length, said transducer for moving across the disksurface with an essentially sinusoidal acceleration trajectory, 

said seek routine to be performed using a substantially constant voltage applied to said voice coil motor over 
one or more seek lengths. 

2. The hard disk drive of claim 1 , wherein said controller is a digital signal processor. 

30 

3. The hard disk drive of claim 2, wherein said digital signal processor is adapted for controlling said voice coil motor 
in accordance with a linear interpolation algorithm. 

4. The hard disk drive of one of the claims 1 to 3, wherein said substantially constant voltage is based on a maximum 
35 voltage from a power supply, said substantially constant voltage preferably being in the range of 11 to 13 volts. 

5. The hard disk drive of claim 4, wherein a current to move said transducer decreases as the seek length increases. 

6. The hard disk drive of one of the claims 1 to 5, wherein said controller is adapted for performing a servo routine 
that includes the steps of determining an actual position of said transducer, computing a design position of said 
transducer, and generating a position correction value that is a function of said actual and design positions, said 
position correction value being used to vary the movement of said transducer. 

7. The hard disk drive of claim 6, wherein said servo routine further includes determining an actual velocity of said 
45 transducer, computing a design velocity of said transducer, and generating a velocity correction value that is a 

function of said position correction value, said design velocity and said actual velocity, said velocity correction 
value being used to vary the movement of said transducer. 

8. The hard disk drive of claim 7, wherein said servo routine further includes determining an actual acceleration of 
50 said transducer, computing a design acceleration of said transducer, and generating an acceleration correction 

value that is a function of said velocity correction value, said design acceleration and said actual acceleration, said 
acceleration correction value being used to vary the movement of said transducer. 

9. The hard disk of one of the claims 1 to 8, wherein the trajectory includes a period wherein said transducer has an 
55 essentially zero acceleration. 

10. The hard disk of one of the claims 1 to 9, wherein the relationship between the seek length and seek time is 
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represented as, 



25 



30 



40 



45 



55 
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11. A method for moving a transducer across a surface of a disk, comprising: 

10 exciting a voice coil motor that is coupled to the transducer so that the transducer performs a seek routine 

having a seek length and a seek time, said transducer being adapted to move across the disk surface with an 
essentially sinusoidal acceleration trajectory, said seek routine to be performed using a substantially constant 
voltage applied to said voice coil motor, preferably being in the range of between 10 and 12 volts, over one 
or more seek lengths. 

15 

1 2. The method of claim 1 1 , further comprising exciting a voice coil motor that is coupled to the transducer so that the 
transducer performs the seek routine using a current applied to the voice coil motor where said current varies with 
the seek length. 

20 13. The method of claim 11 or 12, wherein exciting the voice coil motor that is coupled to the transducer so that the 
transducer performs the seek routine comprises, exciting the voice coil motor so that the transducer performs the 
seek routine having a seek length and a seek time, where seek length and seek time are related as follows: 



K l( 2nR W . ( An2LX SK Ke*SK) 2 w r 



14. The method of one of the claims 11 to 13, further comprising: 
computing a design position of the transducer; 
determining an actual position of the transducer; 
55 computing a position correction value from the design and actual positions; 

varying the movement of the transducer with the position correction value; 
determining an actual velocity of said transducer; 
computing a design velocity of said transducer; and, 
generating a velocity correction value that is a function of said position 



correction value, said design velocity and said actual velocity, said velocity correction value being used to vary 
the movement of said transducer. 



15. The method of claim 14, further comprising determining an actual acceleration of said transducer, computing a 
design acceleration of said transducer, and generating an acceleration correction value that is a function of said 

so velocity correction value, said design acceleration and said actual acceleration, said acceleration correction value 

being used to vary the movement of said transducer. 

16. The method of claim 14 or 15, wherein computing the position correction value from the design and actual positions 
comprises, computing the position correction value with a proportional plus integral control algorithm. 



17. The method of one of the claims 11 to 16, wherein exciting the voice coil motor that is coupled to the transducer 
comprises, exciting the voice coil motor that is coupled to the transducer so that said transducer moves across 
the disk surface with an essentially sinusoidal acceleration trajectory, said essentially sinusoidal acceleration tra- 
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jectory to have an acceleration period and a deceleration period, wherein the acceleration period is unequal to the 
deceleration period. 

18. A method for moving a transducer across a surface of a disk, comprising: 

5 

moving a transducer across the surface of the disk a distance in accordance with an essentially sinusoidal 
acceleration trajectory using a substantially constant voltage and a varying current, where said current de- 
creases as the distance increases. 

10 19. The method of claim 18, wherein moving the transducer across the surface of the disk a distance comprises, 
moving the transducer across the surface of the disk a distance in accordance with an essentially sinusoidal ac- 
celeration trajectory using a substantially constant voltage, where the substantially constant voltage is a maximum 
available voltage from a power supply and is in the range of between 11 and 13 volts. 

*5 20. A computer program product, comprising: 

a computer-readable medium having computer program code embodied therein for performing, when run on 
a computer, a method comprising: 

20 moving an actuator arm that is coupled to a transducer using a voice coil motor so that the transducer 

moves across a disk surface in accordance with an essentially sinusoidal acceleration trajectory using an 
essentially constant voltage applied to the voice coil motor. 

21. The computer program product of claim 20, further comprising computer readable code adapted to compute a 
25 design position of the transducer, determine an actual position of the transducer, and compute a position correction 

value from the design and actual positions. 

22. The computer program product of claim 21, further comprising computer readable code adapted to compute a 
design velocity of the transducer, determine an actual velocity of the transducer, compute a velocity correction 

30 value from the design velocity, the actual velocity and the position correction value, compute a design acceleration 

of the transducer, determine an actual acceleration of the transducer, compute an acceleration correction value 
from the design acceleration, the actual acceleration and the velocity correction value, and vary the movement of 
the transducer with at least one correction value selected from the group consisting of: the position correction 
value, the velocity correction value, and the acceleration correction value. 

35 

23. The computer program product of claim 22, wherein the design acceleration, the design velocity and the design 
position are computed with a recursive sine wave generation algorithm. 

24. The computer program product of one of the claims 20 to 23, wherein the computer readable program code adapted 
40 to excite said actuator arm further comprises computer readable program code to determine a seek length and a 

seek time according to said sinusoidal acceleration trajectory, wherein the relationship between seek length and 
seek time is, 



45 



SK\ 



25. An apparatus comprising means that are adapted to perform the steps of any of the methods according to one of 
so the claims 11 to 19. 



55 
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FIG. I 
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